The metabolic flux of two phenylpropanoid metabolites, N-p-coumaroyloctopamine (p-CO) and chlorogenic acid (CGA), in the wound-healing potato tuber tissue was quantitatively analyzed by a newly developed method based upon the tracer experiment using stable isotope-labeled compounds and LC-MS. Tuber disks were treated with aqueous solution of L-phenyl-d 5 -alanine, and the change in the ratio of stable isotope-labeled compound to non-labeled (isotope abundance) was monitored for p-CO and CGA in the tissue extract by LC-MS. The time-dependent change in the isotope abundance of each metabolite was fitted to an equation that was derived from the formation and conversion kinetics of each compound. Good correlations were obtained between the observed and calculated isotope abundances for both p-CO and CGA. The rates of p-CO formation and conversion (i.e. fluxes) were 1.15 and 0.96 nmol (g FW)
Introduction
The phenylpropanoid pathways in plants are responsible for the biosynthesis of various phenolic compounds such as flavonoids, lignins and hydroxycinnamic acid conjugates (Peterson et al. 1999) , and have been extensively investigated. One important role of these compounds is the protection of plant tissues from damage by oxidative stress, wounding, and pathogen infections. Stress-induced activation of biosynthesis of these compounds has been studied in many plant species (Dixon and Pavia 1995) . However, the detail of its regulation mechanisms remains unclear.
It has been reported that the biosynthesis of hydroxycinnamic acid amides with tyramine and octopamine, such as N-pcoumaroyloctopamine (p-CO), is activated in potato (Solanum tuberosum) when challenged by late blight fungus Phytophthora infestans (Clarke 1982 , Keller et al. 1996 . Activation is also induced by wounding tissue and treatment with elicitors (Negrel et al. 1993 , Schmidt et al. 1999 , Matsuda et al. 2000 . It is proposed that these amide compounds play a defensive role after they are secreted into the apoplast (Schmidt et al. 1998) and are incorporated into the tissue cell walls, producing a suberin-like polymer that reduces the digestibility of the wall by the pathogens (Negrel et al. 1996, Bernards and . The induction capability of the biosynthesis of these types of compounds under stressed conditions prevails in higher plants, including tobacco (Negrel and Jeandet 1987) , tomato (Pearce et al. 1998) , poppy (Facchini 1998 ), onion, (McLusky et al. 1999 ) and barley (Louis and Negrel 1991) . In potato, other types of hydroxycinnamic acid conjugates, such as the esters with quinate and the amides with putrescine, have also been identified (Friedman 1997) , and it has been suggested that they play a similar role (Ramamurthy et al. 1992) . Thus, regulation of the biosynthesis of hydroxycinnamic acid conjugates is intriguing and its study could lead to a more detailed understanding of plant defense responses. The regulation of metabolite biosynthesis indicates an increase or a decrease of "metabolic flux" (Giersch 2000, Verpoorte and Memelink 2002) in the corresponding pathway. In the case of the hydroxycinnamic acid amide biosynthesis in potato, the metabolic flux of the biosynthesis has been estimated from the amounts of metabolites (Schmidt et al. 1998) , the activity of biosynthesis-related enzymes (Negrel et al. 1993 , Matsuda et al. 2000 , and the transcription levels of the genes encoding these enzymes (Schmidt et al. 1999 ). Although such approaches enable a qualitative estimation of the flux, a more direct method is required for quantitative determination of the biosynthetic activity.
Metabolic flux analysis was originally developed in the field of microbial metabolic engineering (Stephanopoulos et al. 1998) , in which optimization of the central carbon metabolism of microorganisms is required to obtain the maximal yield of a desired compound. The basis of analysis is the use of isotopelabeled compounds. Flux information can be obtained by monitoring the level of isotope enrichment as well as the labeling pattern with NMR or GC-MS after feeding with 13 C-labeled glucose (Wittmann and Heinzle 1999) . To date, various advanced techniques have been established for the analysis of complex metabolic networks (Wiechert and Wurzel 2001) . However, only a few studies have been reported on metabolic flux in the field of plant biochemistry (Giersch 2000 , Glawischnig et al. 2001 , Roscher et al. 2000 . There is particularly little information available on the metabolic flux of secondary metabolism in plants.
In this study, a new method for the determination of the metabolic flux of the phenylpropanoid pathway in potato tuber tissue using a stable isotope-labeled precursor and LC-MS detection was developed by modifying the approach of Sims and Folkes (1964) . This method was based on time-dependent changes of isotope abundance of metabolites following the labeling of the pathway precursor. Using this method, the metabolic flux of two hydroxycinnamic acid conjugates, (S)-N-pcoumaroyloctopamine (p-CO) and chrologenic acid (CGA), was determined in wound-healing potato tuber tissue. The results obtained demonstrated the balance of fluxes between formation and conversion of these compounds.
Results
The amounts of hydroxycinnamic acid conjugates in woundhealing potato tuber tissue
The biosynthetic pathways of p-CO and CGA are shown in Fig. 1 . Both compounds share hydroxycinnamoyl moieties, which are synthesized from L-phenylalanine through the phenylpropanoid pathway. The introduction of the 3-hydroxy group of the cinnamoyl moiety in CGA biosynthesis has been demonstrated recently, in Arabidopsis, to occur after the formation of p-coumaroylquinate (Schoch et al. 2001) .
The time course for the amounts of p-CO and CGA in wound-healing potato tuber tissue is shown in Fig. 2 . At the time of tuber disk preparation, p-CO and CGA were detected only at trace levels. Thereafter, the concentration of CGA was increased in a time-dependent manner and reached 140 nmol (g FW)
-1 36 h after sample preparation. On the other hand, the level of p-CO remained very low and was always below 4 nmol (g FW) -1 throughout the experiment.
These results suggested that the biosynthesis of CGA was more active than that of p-CO in wound-healing potato tuber tissue. However, Negrel et al. demonstrated that almost all hydroxycinnamic acid amides with tyramine or octopamine in the wound-healing potato tuber tissue were rapidly incorporated into the tissue cell walls to form a suberin-like polymer (Negrel et al. 1993) . Therefore, it is likely that the p-CO biosynthesis is more active than that expected from the level of p-CO in the tissue (Fig. 2) . Thus, a more direct indicator for biosynthetic activity is required for comparison of the metabolism between p-CO and CGA. In the following sections, a new method for the analysis of metabolic flux analysis of the phenylpropanoid pathway is described. (Fig. 3A) , when the precursor X is supplied at a known isotope abundance at time = 0 as follows (Sims and Folkes 1964) : (1) where C Y is the isotope abundance of intermediate Y, C X is the isotope abundance of precursor X, t is the time after the treatment, and
is the metabolic flux in the pathway. This equation allows the calculation of the metabolic flux (J) if V and the time-dependent change of C Y could be determined. This method for the determination of metabolic flux is hereafter referred to as the "isotope-labeling method". Equation (1) assumes a steady state for the pool size of metabolite Y (V), i.e. the flux from X to Y is equal to that from Y to Z (Fig. 3A) . However, it is often the case for the actual metabolism in plant tissue that the flux from X to Y (defined as J in ) as is not equal to that from Y to Z (J out ) (Fig. 3B) , so the pool size of Y changes dynamically (Fig. 2) . Accordingly, equation (1) was expanded to equation (7) in order to calculate the metabolic flux under such condition (see Materials and Methods). (7) In equation (7), C Y is the isotope abundance of Y, C X is the isotope abundance of precursor X, V(0) is the pool size of compound Y at time (t) = 0, and v is the difference between J in and J out (J in -J out ).
Application of the flux analysis to the plant phenylpropanoid pathway
As shown in Fig. 1 , there are three and four intermediates in the pathway from L-phenylalanine (Phe) to p-CO and CGA, respectively. The levels of these intermediates in the potato tuber tissue were all under the detection limit (~0.05 nmol (g FW) -1 ) by HPLC analysis using UV detection (data not shown). The low level intermediates can be ignored when applying the isotope-labeling method, and the biosynthetic pathways shown in Fig. 1 can be modeled to two discrete pathways consisting of a one-step reaction from Phe to p-CO and CGA (Fig. 4) .
In this study, the values of J in and J out for p-CO and CGA in the tissue were determined using stable isotope-labeled Phe.
Incorporation of exogenously applied L-phenyl-d 5 -alanine (Phe*) into the potato tuber tissue
In this method, exogenously applied stable isotope-labeled Phe must be immediately incorporated into the tissue. In order to evaluate the incorporation rate, the potato tuber tissues were treated with an aqueous solution of Phe* (10 mM) for a specified time, and the unincorporated Phe* was removed by washing with distilled water. The isotope abundance of Phe in the tissue was analyzed by LC-MS (See Materials and Methods).
The protonated molecule [M+H]
+ of L-Phe (m/z 166.1) and Phe* (m/z 171.1) were detected in these conditions. The isotope abundance reached a maximum within 60 min postapplication as shown in Fig. 5 . This indicated that the incorporation of exogenously applied Phe* was rapid enough, compared with the increase of isotope abundance of CGA and p-CO, which is shown in the following section. The levels of p-CO and CGA in the tissue were not affected by the addition of Phe* (data not shown).
The substitution of protons on the benzene ring of L-phenylalanine with deuteriums affects the kinetics of enzymes in the phenylpropanoid pathway. The kinetic stable isotope effect is usually observed as a decrease in the reaction rate constants (k H /k D >1.0), which should be considered in the application of isotope-labeled experiment to the pathway. The effect, however, is only significant when the enzyme is a ratecontrolling step in the pathway. It has been considered that the step catalyzed by phenylalanine ammonia-lyase is the ratecontrolling step of the plant phenylpropanoid pathway Fig. 4 Simplified pathways of p-CO and CGA biosynthesis for the analysis of metabolic flux using isotope-labeled phenylalanine. The four or five reaction steps in the pathway from phenylalanine to p-CO or CGA (Fig. 1 ) are simplified to one step by assuming that the levels of these intermediates are low enough. Based on the pathway, J in and J out of each metabolite were determined by metabolic flux analysis. The metabolic fate of CGA is not well understood. (Howles et al. 1996) . It should also be true in the case of potato, since levels of the intermediates downstream of the pathway are very low, as discussed above. The kinetic stable isotope effect of phenylalanine ammonia-lyase with Phe* as a substrate has been determined to be only 9% (k H /k D = 1.09) (Gloge et al. 1998) . Therefore this effect was ignored in this study.
Isotope-labeling experiment
The metabolic flux of p-CO and CGA in wound-healing potato tuber tissue was determined. Potato tuber was cut into disks for the wound treatment and incubated for 24 h at 18°C, followed by treatment with an aqueous solution of Phe*. The tuber disks were periodically collected and subjected to the extraction procedure. The extraction was repeated three times, which achieved higher than 90% recovery of each metabolite (data not shown). The combined extracts were then analyzed by LC-MS. Fast separation (<10 min) and the efficient ionization of p-CO and CGA were attained by using a short column (4.6´30 mm) with a methanol/0.1% TFA aq. solvent system and an atmospheric pressure chemical ionization (APCI) (Fig.  6A, B) . For CGA, the major peak observed was the protonated molecule [M+H] + . However, for p-CO, the dehydration products [M-H 2 O+H] + was observed in greatest abundance. Theoretically, the p-coumaroyl moiety derived from Phe*, contains four deuterium atoms so the isotope-labeled compound gives the protonated molecule at m/z 286, four mass units greater than non-labeled p-CO (m/z 282). In the case of CGA, the protonated molecule of the isotope-labeled analog was observed at m/z 358 (Table 1) .
Selected ion monitoring (SIM) chromatograms of p-CO are shown in Fig. 6C . Only the unlabeled compounds were detected at the time of Phe* application (t = 0). After 0.5 h p-CO* was first detected, and the peak area continued to increase in a time-dependent manner. Thereafter, the isotope abundance (C) was calculated from the peak areas of nonlabeled and labeled compounds. Time courses of isotope abundance of p-CO and CGA are shown in Fig. 6D . The isotope + (m/z 282.1) were observed as the molecular-related ions in the case of CGA and p-CO, respectively. (C) SIM chromatograms of isotope-labeled and non-labeled p-CO in the potato extracts at 0, 0.5, 2 h after treatment with Phe* solution. Isotope-labeled p-CO (p-CO*) was observed at m/z 286.1 that was increased four mass units from the non-labeled p-CO (m/z 282.1). (D) Time course for the isotope abundance of p-CO (closed circles) and CGA (open circles) in wound-healing potato tuber tissue. Following the determination of the peak area of isotope-labeled (A*) and non-labeled (A) metabolite from the SIM chromatogram of LC-MS analysis, isotope abundance (A*/(A + A*)) was calculated. The results are expressed as the mean of triplicate experiments ±SD. The fitting curves of equation (7) are also shown. abundance of p-CO increased rapidly and reached a plateau in 2 h after Phe* application. By contrast, the isotope abundance of CGA constantly increased and did not reach a constant value during the experimental period.
The values of V(0) and v of each compound were determined from the time-dependent changes of each metabolite (Fig. 2) .
Metabolic flux determination for p-CO and CGA in woundhealing potato tuber tissue
The data were fitted to equation (7) using non-linear regression analysis. The fitting curves obtained are shown in Fig. 6D . In the case of p-CO, a very good correlation was obtained (R = 0.99), and values of J in (±SE) = 1.15 ± 0.31 nmol (g FW)
-1 h -1 and C Phe = 0.88 ± 0.01 were obtained (Table 2) . J out was calculated from J in and v using equation (2). The values of C Phe varied from 0.7 to 0.9 depending on the sample potato tubers (data not shown). For CGA, a good correlation was obtained (R = 0.97), although no maximum value (=C Phe ) was observed in the experimental period. Thus, the value of C Phe obtained from p-CO was used as a constant for the nonlinear regression analysis of CGA. All values obtained are shown in Table 2 .
The biosynthetic fluxes (J in ) of CGA and p-CO in woundhealing potato tuber tissue at t = 0 were determined as 4.63 and 1.15 nmol (g FW) -1 h -1 , respectively, indicating that the biosynthesis of CGA is four times as active as that of p-CO. By contrast, J out of CGA (0.42 nmol (g FW) -1 h -1 ) was 44% that of p-CO (0.95 nmol (g FW) -1 h -1 ). These results show that the flux of the conversion (J out ) of CGA is only 9% that of formation (J in ), so ~91% of the synthesized CGA was retained in the tissue. On the other hand, >80% of p-CO was further transformed and only 17% was retained in the tissue. Thus, these analyses demonstrate that the difference of accumulation between p-CO and CGA in wound-healing potato tuber tissue (Fig. 2) is due mainly to differences in conversion rather than formation.
Discussion
In this study, a method for the determination of the metabolic flux of phenylpropanoid compounds in potato tuber tissue was developed using isotope-labeled phenylalanine and LC-MS analysis. The metabolic fluxes of p-CO and CGA were successfully determined in wound-healing potato tuber tissue ( Table 2) .
The isotope-labeling method developed in this study is based on two assumptions. The first assumption is that each pathway of p-CO and CGA biosynthesis can be regarded as a single-step reaction (Fig. 4) . The second assumption is that exogenously applied Phe* is rapidly incorporated into the biosynthetic systems in potato tuber tissues (Fig. 5) . The good fit of the curve of equation (7) to the plot of isotope abundance of p-CO and CGA (Fig. 6D) suggests that these two assumptions are largely valid for this system. However, as shown in Fig. 5 , a short delay of Phe* incorporation was observed, and the second assumption does not hold in the strict sense. At present the extent to which the inaccuracy in the calculated flux is due to the deviation from this assumption is unknown. However, it is expected that the calculated values of J in and J out in the present study are slightly smaller than the actual values. It is also likely that the deviation more significantly affects the calculation of p-CO parameters than CGA, in view of the earlier occurrence of a plateau in terms of the C value. The refinement of the model for labeling dynamics is required for more exact analysis, and the work is now in progress.
The present metabolic flux analysis showed that the biosynthesis of CGA is four times as active as that of p-CO Table 2 Results of metabolic flux analysis V(0) is the pool size of compound Y at time (t) = 0, and v is the difference between J in and J out (J in -J out ). Values of V(0) and v were determined from Fig. 2 . C Phe is the isotope abundance of precursor Phe, J in and J out are metabolic fluxes of the formation and conversion of the target compounds, respectively. C Phe , J in , and J out are obtained by the non-linear regression analysis. The value of C Phe with an asterisk was obtained from the analysis of p-CO, and was used as a constant for non-linear regression analysis of CGA. CGA, Chlorogenic acid; p-CO, N-p-coumaroyloc- (Table 2) . To our knowledge, this is the first report of a quantitative and direct comparison of the biosynthetic flux of phenylpropanoid metabolites. The factors that affect the metabolic flux are diverse. In the case of CGA and p-CO, biosynthetic fluxes were not only determined by the activities of two branch point enzymes (Fig. 1) , i.e. quinate hydroxycinnamoyl-CoA: quinate hydroxycinnamoyltransferase (CQT) and tyramine hydroxycinnamoyl-CoA:tyramine N-(hydroxycinnamoyl)transferase (THT), but were also affected by the levels of substrates for these enzymes such as p-coumaroyl CoA, octopamine and quinate. Moreover, since a single enzyme is often involved in the biosynthesis of a series of structurally related metabolites, the activity of an enzyme is not directly related to the flux of a single metabolic process. For example, THT is responsible for the biosynthesis of other hydroxycinnamic acid amides such as N-feruloyltyramine in potato tuber tissue (Negrel et al. 1993 , Negrel et al. 1996 and only a part of THT activity in the tissue was used for the p-CO biosynthesis. Thus, the investigation of relationships between the metabolic flux and these factors is of interest for a better understanding of the regulation of the metabolic pathway.
The results of the flux analysis in the present study also suggested that the accumulation of these metabolites is dependent upon a balance of fluxes between formation (J in ) and conversion (J out ). The accumulation of CGA in wound-healing potato tuber tissues (Fig. 2) is not only due to the high activity of its biosynthesis but also to the relatively low activity of its conversion (Table 2) . On the other hand, the level of activity of p-CO formation is almost identical to that of its conversion, resulting in no apparent accumulation in the tissue.
The results of metabolic flux analysis of p-CO biosynthesis in the present study are consistent with the previous reports by Negrel et al. (Negrel et al. 1993 , Negrel et al. 1996 , which showed almost all hydroxycinnamic acid amides with tyramine or octopamine were incorporated into the cell walls, forming physical barriers against pathogen intrusion. The accumulation of hydroxycinnamic acid conjugates has also been observed in pathogen-infected or elicitor-treated potato tissues (Keller et al. 1996 , Matsuda et al. 2000 . The use of the metabolic flux analysis will enable researchers to quantitatively study the effects caused by these stimuli.
This isotope-labeling approach using labeled Phe is also applicable to the flux analysis of other phenylpropanoid metabolites such as flavonoids in various plant species. Flavonoids have recently attracted a great deal of attention as anti-oxidants (Winkel-Shirley 2001a) and work on the molecular breeding of plants with high flavonoid productivity has been reported (Winkel-Shirley 2001b, Forkmann and Martens 2001) . Metabolic flux analysis is useful for quantitative evaluation of the effects of gene modifications on metabolic pathways. Furthermore, there are other biosynthetic pathways that are important for the metabolic engineering of plants, such as alkaloids (Sato et al. 2001 ) and amino acids (Tozawa et al. 2001 ). This isotope-labeling method could be a powerful tool for the analysis of metabolic flux in a wide variety of biosynthetic pathways by designing a suitable experimental system.
Materials and Methods

Plant material
All potato tubers (Solanum tuberosum cv. Eniwa) used in this study were stored at 4°C for a minimum of 6 months following harvesting.
Chemicals
L-Phenyl-d 5 -alanine was purchased from ISOTEC Inc. (Miamisburg, OH, U.S.A). Chlorogenic acid was purchased from Wako Pure Chemical Co. (Osaka, Japan). The synthesis of N-pcoumaroyloctopamine was described previously (Matsuda et al. 2000) .
Model of isotope-labeling dynamics
Sims and Folkes described a kinetic equation for calculating the isotope abundance of intermediates Y (C Y ) in a linear metabolic pathway (Fig. 3A) , when the precursor X is supplied at a known isotope abundance (C X ) at time (t) = 0 (Sims and Folkes 1964) . The equation is as follows: (1) In this equation, V is the pool size of Y, and J is the metabolic flux in the pathway. This equation was derived based on the model in which V is constant, i.e. the flux from X to Y (J) is equal to that from Y to Z. In this study, we modified the equation in order to treat a pathway, in which the flux from X to Y (J in ) is not equal to that from Y to Z (J out ) (Fig. 3B) .
Assuming that J in and J out remain constant, V and C Y will change according to:
(2) (3) Equation (2) is integrated to give:
where v is defined as a difference between J in and
This equation allows the determination of v from the slope of the plot of V vs. t (Fig. 2) . Equation (3) is transformed to the following equation:
Since C X and J in are the constants, equation (6) can be integrated to (2), (7) Equation (7) indicated that C Y increases in a time-dependent manner, coming close to C X . If the isotope abundance C Y is measurable, J in can be determined using non-linear regression analysis by fitting equation (7) to the plot of time (t) vs C Y .
Phe* experiments for flux determination
The internal part of the tuber was cut into disks (4.5 mm diameter, 2 mm thick), and washed with water for 30 min. Washed disks were incubated at 18°C in the dark under wet conditions for 24 h. A 10 ml aliquot of an aqueous Phe* solution (10 mM) was applied to the potato tuber disks, then the disks were incubated under the same conditions. Three disks were combined, weighed and extracted with 2 ml of water containing 2% acetic acid at 100°C for 10 min at 0, 0.5, 1, 2, 3, 4 and 6 h after the tracer treatment. The extraction was repeated three times. The extracts were combined (total 6.0 ml) and centrifuged at 7,000´g for 10 min. CGA and p-CO in the supernatants were quantified by LC-MS equipped with an APCI interface (HPLC: Shimadzu LC-10VP system, MS; Shimadzu LCMS-2010A). The analytical conditions for HPLC were as follows: column, Cadenza CD-C18 (Imtact Co., Kyoto, Japan), 4.6´30 mm; solvent system, methanol/water containing 0.1% TFA, linearly changed from 20/80 to 90/10 in 6 min; flow rate, 0.5 ml min -1 ; temperature, 35°C, MS detection; APCI temperature, 400°C; CDL temperature, 250°C; block heater temperature, 200°C; probe voltage, +4.5 kV; Q-array voltage, scanning mode; nebulizing gas flow, 2.5 liter min -1 ; detection mode, SIM. The m/z values for the detection of p-CO and CGA are listed in Table 1 . The isotope abundances (C = A*/(A + A*)) of each compound were calculated from the peak areas of unlabeled (A) and labeled (A*) compounds.
For determinations of V (nmol (g FW) -1 ) and v (nmol (g FW)
-1 h -1 ), disks were collected every 6 h after sample preparation without the isotope treatment and analyzed by the same procedure described above. V(0) was defined as the concentration of target compounds at the isotope-labeled Phe treatment (t = 0), and v was calculated from the slope of line L ((V(-6) -V(+6))/12) as shown in Fig. 2 .
Non-linear regression analysis J in and J out of each compound were determined using the following procedure. First, the flux of p-CO was considered. Following the plotting of the time-dependent change of C p-CO , equation (7) was fitted to the data using a non-linear regression analysis package by Software GraphPad Prism ver3.0 (GraphPad Software, San Diego, CA, U.S.A) to obtain values of J in and C Phe . V(0) and v, determined above were utilized as constants for the analysis. J out was calculated from equation (2) . The values for J in and J out for CGA were calculated in the same manner except that C Phe obtained from p-CO was used as the constant for the analysis.
Incorporation of exogenously applied Phe* into potato tuber tissue
Following an application of a 10 ml aliquot of Phe* solution (10 mM), the potato tuber tissue was incubated at 18°C in the dark under wet conditions. Three disks were combined and the excess tracer was completely removed by washing four times with 10 ml of distilled water. The tuber disks were extracted by the same procedure described above. The amounts of labeled and unlabeled phenylalanine were determined by LC-MS equipped with electro-spray ionization operated in the positive ion mode. The analysis conditions were the same as those described above, except that the nebulizing gas flow was set at 4.5 liter min -1 . 
